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We present a study of the cohesive energies (Econ) of all 4d-transition-metal carbides and nitrides
in the NaCl-type structure using ab initiolinear-muffin-tin-orbitals type total-energy calculations and
an extensive analysis of thermodynamic data. Many of the carbides considered here are metastable
and their cohesive energy is not known from direct measurements. In these cases, we estimate
Econ using thermodynamic model calculations and analyses of phase diagrams. This information
allows us to perform a detailed comparison of theoretical (E", ) and thermodynamic (EZ,,) cohesive
energy values. The difference E!', — E¢,, is positive for all carbides and nitrides, and we discuss
the various sources of error in the theoretical approach. Trends in theoretical Fcon values are
remarkably improved when spectroscopic data are used to correct calculated atomic total energies.
We also show that most of the discrepancy between theoretical and thermodynamic results cancels
in the difference A Fcon between a carbide MC and a nitride MN of the same transition-metal M, and
excellent agreement with experiments is obtained for the systems where thermodynamic information
is available, viz., for M=Zr, Nb, and Mo. This fact allows us to estimate the unknown cohesive
energies and enthalpies of formation for YN, TcN and for the metastable NaCl structures of RuN,
RhN, and PdN, from a combination of ab initio results and assessed thermodynamic information for
the corresponding carbides. Our method of theory-based predictions of thermodynamic quantities
is compared with the semiempirical method of Miedema. We also discuss the role of extrapolation
methods related to ab initio results in the estimation of thermodynamic information that is used in
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the modeling of alloy phase diagrams.

I. INTRODUCTION

In this paper we shall be interested in bonding prop-
erties of solids, in particular ab initio values for cohesive
energies and enthalpies of formation as input parame-
ters in phase-diagram calculations. Theoretical metallur-
gists and materials scientists have developed an elaborate
combination of databases with computer programs and
assessed thermodynamic information to calculate phase
diagrams of, e.g., binary, ternary, and higher-order al-
loy systems.! Such calculations are very demanding on
the accuracy of the input information, which usually is
taken from experiments. Compared with experimental
work, ab initio calculations are very quick and cheap. A
strong motivation for this paper is to investigate to what
extent such band-structure results can be useful, e.g., as
input in phase-diagram calculations when no direct ex-
perimental data are available.

In order to test our expectations about the possi-
ble use of ab initio and thermodynamic information,
we have studied the cohesive energy E ., of all 4d-
transition-metal carbides and nitrides, MC and MN,
in the NaCl-type structure using both linear-muffin-tin-
orbitals (LMTO) electron-structure calculations and an

45

analysis of experimental data. In previous studies®3
of several of the corresponding 3d-transition-metal com-
pounds, we have found strong regularities in bond-
ing properties which can to a first approximation be
described by electron-band-filling arguments. Gelatt,
Williams, and Moruzzi* have also performed ab initio cal-
culations of the cohesive properties of NaCl-type struc-
ture carbides and nitrides of the 4d-transition-metals.
Their emphasis is on the contribution of various electron
states to the bonding properties, and no direct compari-
son with experiments is made. In our case, we focus on
a comparison between theory and experiment and there-
fore, we have carried out an extensive analysis of direct
and indirect experimental thermodynamic information.

The cohesive energies of most stable carbides consid-
ered here are relatively well known from experiments,
and the cohesive energies of the metastable carbides will
be derived by us using thermodynamic methods and
phase diagram information. The information so ob-
tained, which is also interesting in itself, allows us to
perform a detailed comparison between LMTO and ther-
modynamic E.., values for all MC compounds. The
properties of the corresponding nitrides are in general
less known and we predict their F.o, using the ab ini-
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tio information. We also derive the room-temperature
enthalpy of formation, a quantity that is relevant both
in phase-diagram calculations and in the interpolation
scheme developed by Miedema and his co-workers®. The
predictions of their scheme have often been tested using
experimental information on stable compounds. In the
present work, we shall extend appreciably such a test of
Miedema’s approach by including compounds that have
not been studied by direct experimental methods.

Because of the discrepancies between ab initio and
thermodynamic values that are known for simple sub-
stances (e.g., on the magnitude of the zero-Kelvin en-
thalpy difference between the bce, fcc, and hep struc-
tures of the transition metals®™®) there has been no sig-
nificant coupling to ab initio results in the assessment of
thermodynamic information to be used in phase-diagram
calculations. These assessments have traditionally been
carried out by purely thermodynamic methods, relying
on measurements. We shall comment on the role of
total-energy calculations as a complement to experimen-
tal data, both in a theory-based interpolation and ex-
trapolation procedure, and as a useful guide in assessing
the reliability of existing estimates.

The plan of the paper is as follows. In Sec. II we de-
scribe the computational methods of our theoretical ap-
proach and in Sec. III we explain how the assessment of
cohesive energies from thermodynamic information has
been carried out. In Sec. IV we present our results and in
Sec. V we discuss the accuracy and the sources of errors
in the theoretically determined cohesive-energy values,
and then predict unknown enthalpy-of-formation values
for metastable nitrides. Section V also contains a com-
parison of our enthalpy-of-formation values with the pre-
dictions of the approach of Miedema and co-workers.® In
Sec. VI, we comment on the possible application of our
results in thermodynamic modeling of phase diagrams.
The paper ends with conclusions in Sec. VII.

II. THEORETICAL

<on bresented in this
work were calculated as the difference between the total
electronic energies of the compound (MX) and-of its con-
stituent atoms (M, X):

Eiy = — (3) (Emx — Em — Ex). (1)

The total electronic energies of the compounds were
determined from self-consistent band-structure calcula-
tions. These were performed using the linear-muffin-tin-
orbitals method!® (LMTO), and the local-spin-density
(LSD) parametrization of Gunnarsson-Lundqvist was
adopted. The calculations were carried out for a 505-k-
point mesh in an irreducible wedge of the Brillouin zone.
The basis set was chosen to contain s, p, d, and f states
for the metal atoms and s, p, and d states for the non-
metal atoms. The lattice parameters ag were set to ex-
perimental (directly measured or extrapolated) values for
the stoichiometric composition of all stable compounds,
while extrapolation and interpolation procedures were
used to estimate lattice parameters for the metastable

The theoretical cohesive energies Eh

A. FERNANDEZ GUILLERMET, J. HAGLUND, AND G. GRIMVALL 45

compounds in the series (cf. Sec. III). All these values
are listed in Tables I and II. We expect our ab initio
calculations to be reliable for determining the ground-
state properties of the 4d-transition-metal MX carbides
and nitrides in the NaCl structure.

The total electronic energies of the atoms are obviously
as important for the calculation of cohesive energies as
are the total electronic bulk energies. Although the com-
putational effort to determine atomic energies is much
smaller than in the bulk case, it is likely that a significant
part of the errors in the cohesive energies originates from
the atomic calculation. The problem is complicated by
the fact that the entire concept of determining bulk and
atomic energies separately relies on important cancella-
tions of systematic errors in the subtraction in Eq. (1).
The atomic program, used in this paper,® was designed
to maximize these cancellations. This is achieved by
using the same numerical routines and the same LSD
parametrizations in both cases. However, the fact that
the density regime in the free atom contains the limit of
low density (which is not covered in the solid), prevents
a cancellation of LSD errors for this density (or spatial)
range. The idea of treating a spherically averaged charge
distribution and thus to iterate a spherically symmetric
muffin-tin (MT) potential is also retained in the atomic
case. There are several reasons why the LSD and the MT
approximations may be less accurate in the atomic than
in the bulk case. This is reflected by the fact that atomic
valence-electron configuration which minimizes the total
electronic energy, in many compounds differs from the
experimental configuration®. The origin of errors in the
atomic energies, and to what extent they may influence
the accuracy of the cohesive energies, will be discussed
in Sec. V.

III. COHESIVE ENERGY
FROM EXPERIMENTAL INFORMATION

A. Definitions and thermodynamic relations

The experimental analogue E¢ , of the quantity EX,

defined by Eq. (1) is the enthalpy change per atom for
the reaction

MX(st) — M(g) + X(9) (2)
at zero Kelvin and one atmosphere, viz.,

e =
coh =

—{ 3[°H3ix (0) — °H},(0) — °H%(0)]
—3kBO%x }- 3)

°H5%(0) and °H{(0) represent the enthalpy at zero Kelvin
and one atmosphere per formula unit of the substance
i (1 = MX, M, X) in its stable (st) modification and in
the gaseous (g) monatomic state, and 2kp®§y corrects?
for the zero-point vibrational energy per atom of MX.
The right-hand side in Eq. (3) is expressed® in terms
of quantities that are given in standard compilations of
thermodynamic data, or have been estimated. We get
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en = —( 3{AHYx (To) — AHT where A°H$Y, (7o) is the enthalpy of formation of the
—[AYHE9(0) + ACHE9(0)]) compound MX from the elements in their stable mod-

M X ' ifications at one atmosphere and Ty = 298.15 K. This

—%’CBG(X;X): (4) quantity is available from direct measurements in sta-

TABLE 1. Average number of valence electrons per atom (m.), lattice parameter (ao), room-temperature enthalpy of
formation [A°H**(Tp)], Debye temperatures (©), and cohesive energy ( Econ) of NaCl-type structure carbides of the 4d transition
metals. E%, and EZ; denote cohesive energy values derived from LMTO calculations and based on thermodynamic information,
respectively. The values in parentheses are our estimates of the probable uncertainty.

a0 ACH* (Ty) ¢ o Con Econ

Compound ne
(efa) (a.u.) (kJ/mol a) (K) (K) (mRy/a) (mRy/a)

YC 3.5 9.817° —46 (& 11)° 523¢ 470 (& 11) 544
ZrC 4.0 8.878¢ —103.6 (% 3)° 624 (£ 13)f 6508 583 (£ 7) 682
NbC 4.5 8.447" —-70.3 (% 3)' 660 (+ 40) 6348 607 (&£7) 669
MoC 5.0 8.084* —6.3 (£ 4)! 616° 531 (£ 7) 580
TcC 5.5 7.905™ 32 (£ 6)" 578¢ 506 (% 11) 581
RuC 6.0 7.803° 37 (£ 9)P 554° 495 (& 10) 570
RhC 6.5 7.833° 36 (£ 6)° 514¢ 458 (£ 8) 537
PdC 7.0 7.976° 32 (£ 6)" 483¢ 394 (£ 8) 435

2Qur extrapolation, assuming a linear variation of ao for Y(C,V) with the atomic fraction of C. ao for Y(V') was estimated by
us from lattice parameter data (Ref. 39), and ao for Y(Co.25Vo.75) and Y(Co.4Vo.6) was from direct measurements (Ref. 40).
®Based on measurements of A°G for Y carbides in the NaCl structure (Ref. 41). A smooth graphical interpolation between
the measured values gives A°Gyc = (=50 £ 1) kJ/mol of atoms. This value, combined with our description of the thermal
functions, and with ©5(T) = ©5 —0.10(T — ©°) as in Ref. 21 yields A°H = —46 kJ/mol of atoms. Neglecting the temperature
dependence of ©F yields A°H = —57 kJ/mol of atoms. The uncertainty given in Table I expresses the difference between those
calculations.

“Estimated value, Sec. III B.

4Reference 42.

°Reference 43.

fReference 44.

EReference 45.

hReferences 46 and 47.

Reference 48.

IBased on a measurement (Ref. 44) for NbCo o3 and an account of the effect of nonstoichiometry upon ©€ based on experiments
(Ref. 49) for the range NbCo 77—NbCo 96.

¥Reference 50.

'Extrapolated value from a thermodynamic analysis of the Mo-C system (Ref. 51) using the two-sublattice model (Ref. 25).
MEstimated value. It refers to the stoichiometric composition, and is about 5% larger than values reported (Refs. 52 and 53)
for Tc(C,V) carbides based on an fcc arrangement of Tc atoms.

"Based on our analysis of the phase equilibria in the Tc-C system using the two-sublattice model (Ref. 25) and experimental
information (Refs. 53-56).

°Estimated, by extrapolation of Qs for carbides of other 4d transition metals, and based on the analogous variations in plots
of Qprc and %QM vs the position of M in the Periodic Table.

PFrom our analysis of the Ru-C phase diagram using the two-sublattice model (Ref. 25). The metastable stoichiometric NaCl-
structure compound RuC was treated using ©° from Table I and A°Hj o was varied until the observed metastability was
reproduced. That yielded A°Hg,c > 20.1 kJ/mol atoms. The final estimate of A°H§,c was obtained from calculations of
the equilibria involving the metastable interstitial phase Ru(C,V), graphite, and liquid. The liquid phase was described using
parameters such that the experimental information on the (stable) hcp+liquid+graphite three-phase equilibrium (Refs. 56
and 57) was reproduced. With Ru(C,V) according to Table I one then obtains a metastable fcc+liquid+graphite three-phase
equilibrium temperature T, =~ 1900 K. This value falls in the range 1800 K < T, < 2000 K estimated for Ru-C by an interpolation
procedure based on T. for Tc-C (T.=2108 K calculated by us, see above) and Rh-C [T.=1947 K, from experiments (Ref. 57)]
and on the trends in T for Mn-C (Ref. 58), Fe-C (Ref. 59), and Co-C (Ref. 60). The uncertainty given to A°HE,c(To) in
Table I corresponds to a probable uncertainty of 3100 K in Te.

9From a thermodynamic analysis of the Rh-C phase diagram comprising the solubility of C in fcc Rh (Ref. 56) and the
fcc+liquid+graphite three-phase equilibrium temperature (Ref. 57).

"As in q, using information on the solubility of C in fcc Pd (Ref. 61) and the fcc+liquid+graphite three-phase equilibrium
temperature (Ref. 56).
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ble compounds and was estimated for metastable com-
pounds, see below. AHg‘°, defined as

AHJ = ["Hiyx (To) — “Hyix (0)] — [PH3y(To) — °H3y(0)]
~[°H(To) — °H%(0)] (5)

accounts for the enthalpy difference between temper-
atures 0 and T;. It can be taken directly from
thermodynamic measurements for the elements M
and X (Refs. 11-17) and for stable MX compounds.
For metastable compounds °H3%y (To) — CH5bx(0) was
estimated® using the Debye model with an estimated De-
bye temperature ©px (see below) and neglecting non-
vibrational and anharmonic contributions. A°H};~?(0)
and A°H5™?(0) in Eq. (4) represent the atomization en-
thalpies of the elements M and X at zero Kelvin and
one atmosphere. They were taken from compilations of
thermodynamic data for the elements.13:18720

B. Extrapolation methods for ©%,x and A°Hpnrx
of metastable phases

In the M-C systems with M=Ru, Rh, and Pd the stable
phase diagram contains only the metal-rich solution of C
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in M and graphite as solid phases, and the MC carbides
involving those metals will be referred to as metastable.
The stable phase diagram of the corresponding M-N sys-
tems has not been established experimentally, but the
NaCl-structure compounds RuN, RhN, and PdN do not
seem to have been detected, and we also refer to these
compounds as metastable. Our estimation procedures
for thermodynamic properties of metastable compounds,
discussed in detail elsewhere,?! rely on thermodynamic
models for the calculation of phase diagrams. The main
points are as follows. Knowing the molar Gibbs energy
Gm of all competing phases in a system as a function
of temperature and composition one can calculate the
phase diagram by standard thermodynamic methods.??
G for stable phases (e.g., M, graphite) is available
from descriptions based on direct measurements, but
G of metastable phases has to be estimated. Since
G = H — TS we need at least two quantities, repre-
senting the enthalpy and the entropy, to characterize the
properties of a metastable MX compound. The entropy
at high temperatures was modeled by an entropy Debye
temperature?® ©3,, which is available for stable phases
from the experimental vibrational entropy at high tem-
peratures. ©%;y for metastable phases was estimated

TABLE II. Average number of valence electrons per atom (n.), lattice parameter (ao), room-temperature enthalpy of
formation [A°H**(Tp)], Debye temperatures (©), and cohesive energy (Econ) of NaCl-type structure nitrides of the 4d transition
metals. E!%, and EZ,, denote cohesive energy values derived from LMTO calculations and based on thermodynamic information,
respectively. ES, and A°H*®(Tp) values in italics were obtained by applying a predictive method which makes use of the
theoretical results (Sec. V B). The remaining EZ,, and A°H**(T,) were obtained from purely thermodynamic methods. The
values in parentheses are our estimates of the probable uncertainty.

Compound ne ao A°H(Ty) ec e’ S h Ehy
(e/a) (a.u.) (kJ/mol a) (K) (K) (mRy/a)° (mRy/a)
YN 4.0 9.240° —224 (£ 20)° 607° 518 (£ 15) 587
ZrN 4.5 8.649¢ —185.2 (£ 3)° 649" 5828 553 (+ 5) 651
NbN 5.0 8.300" —118.8 (& 3) 510} 539° 551 (& 5) 604
MoN 5.5 7.963% —31.2 (£ 4)! 486° 456 (£ 5) 494
TcN 6.0 7.772™ 45.0 (£ 14)° 446° 408 (£ 11) 478
RuN 6.5 7.668" 79.6 (£ 14)° 416° 369 (+ 11) 447
RhN 7.0 7.714" 54.0 (£ 14)® 392° 351 (% 11) 430
PdN 7.5 7.833" 38.6 (£ 14)° 371° 296 (£ 11) 337

2 Reference 62.

> Present prediction, Sec. V B.

¢ Estimated value, Sec. III B.

4 Reference 63.

¢ Obtained by combining the average of two determinations (Refs. 64 and 65) of the enthalpy of combustion of ZrN, with the
enthalpy-of-formation value for ZrO; (Ref. 66) adopted (Ref. 43) in the evaluation of A°H for Z1C.

{ Reference 67.

& Reference 45.

" Reference 68.

! Reference 64.

i Reference 67.

¥ Based on combining a¢ for Mo nitrides with 28.6 at. % and 34.4 at. % (Ref. 69) and 27.5 at. % (Ref. 70) and a measurement
for 50 at. % N (Ref. 71) and assuming a linear variation in ao with the atomic fraction of N.

! Extrapolated value, based on a analysis of the Mo-N system (Ref. 72) using the two-sublattice model (Ref. 25).

™ Qur estimate. Reference 73 studied Tc nitrides of various Tc:N contents, up to 43 at.% N, and reported ao varying from
7.521 a.u. to 7.531 a.u. Our estimate for the stoichiometric TcN is larger, but fits smoothly the variation of Qpsn for other
MN compounds as a function of the position of M in the Periodic Table.

" Estimated by extrapolation of sy for nitrides of other 4d transition metals, cf. RuC.
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from the quantity Eg, defined as

S 2
B = (2580 ) Ml (®)
Mg is the logarithmic average of the atomic masses, and
Qumx is the average volume per atom of the compound.
Previous studies of various carbides,?:2! nitrides,? and
borides?* with the same crystal structure have shown
a large degree of regularity in Eg, which allowed the
estimation of Es (and therefrom ©%) for a compound
by using the known Eg of a related compound. All
estimations of ©3,, in the present work were based
on known ©F values for the NaCl-structure compounds
ZrC, ZrN, and NbC, and on graphical extrapolations
in plots of Eg vs the average number of valence elec-
trons per atom n. while being guided by the behavior
of Eg for the corresponding MX compounds of the 3d-
transition-metal series.??! Tables I and II give our esti-
mated Oi!x and also some Debye temperatures Oﬁ}x
obtained from low-temperature experiments. Lacking
O©f;x values for metastable phases we take ©%;y = O%/x
when estimating their zero-point energies [Eq. (3)] and
the °HSY 5 (To) — °HS 5 (0) difference in Eq. (5).

The remaining parameter in G, of a metastable MX
phase, viz., the room-temperature enthalpy of formation
A°H$ ., was obtained by analyzing phase-diagram in-
formation on the M-C systems (M=Tc, Ru, Rh, Pd)
using the two-sublattice model?® for interstitial phases.
The NaCl (cF8) structure may be represented by two in-
terpenetrating fcc (cF4) sublattices, one formed by the
metallic M atoms and one by C atoms and vacant (V)
interstitial sites. When the second sublattice is fully oc-
cupied with C atoms, one has the stoichiometric MC
compound. If all C sites are vacant one obtains the M
metal in the fcc structure. The two-sublattice model re-
quires that one knows G,, for pure fcc M and for MC
(cF8). For intermediate C contents the phase is repre-
sented as M(C,V), and G, is treated using a regular-
solution type of model with a phenomenological param-
eter L accounting for the interaction between the vacant
interstitial sites (V) and the C atoms. To model G,
of MC (cF8) (M=Tc, Ru, Rh, Pd) we used O3, from
Table I and determined L and A°H3iy by performing
fits2® to experimental phase-equilibrium data. The prop-
erties of YC were evaluated from measurements of the
Gibbs energy of formation, A%G for Y carbides with the
NaCl structure. A survey of the sources of information
is given in Table I. A detailed account of our extrapola-
tions and estimates is given elsewhere?” and is available
on request. Finally, we emphasize that the values of ag
and A°H$Y 5 (Ty) presented in Tables I and II correspond
to MC and MN compounds with the stoichiometric com-
position, and that the uncertainty in the extrapolation
to stoichiometry is included in the error limits given by
us.

IV. RESULTS

The cohesive energy values obtained in the present
study are summarized in Figs. 1(a) and 1(b). The theo-
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retical cohesive energies (ELN, ) obtained as described in
Sec. II, are represented by the upper curves in Fig. 1.
The thin lines show how the theoretical cohesive energy
values change when the atomic energies are corrected us-
ing spectroscopic data (see below). The full-drawn lower
curves represent the values from thermodynamic infor-
mation (E¢,), whereas the dashed part of the lower
curve for nitrides refers to E.,, obtained by a predic-
tive method which makes use of the theoretical results
(Sec. VB).

There is a general agreement between the trends of the
theoretical and thermodynamic values, which encourages
an interpretation of the variation in E.o, based on the
electronic density of states (DOS) and band-filling argu-
ments. As examples of the electronic density of states in
the series of 4d-transition-metal carbides and nitrides, we
plot the DOS curves for MoC and NbN in Figs. 2 and 3.
The similarity of these two curves is typical for the com-
pounds studied in this paper (except for YN, see below),
and rigid-band arguments should be valid.

The central part of the DOS (Figs. 2 and 3) is charac-
terized by two regions of high DOS separated by a low-
density region. The lower peak arises from the hybridiza-
tion of p and d states, and the upper peak is dominated
by d states. The minimum between these two regions
separates bonding and antibonding p-d states. This fact

T T T T T T T

07} Carbides
(@)

0.5}

04+ i

03+ i

07 Nitrides |

(b)

Ecoh (RY/a‘tom)

06

04}

03| T

Y Zr Nb Mo Tc Ru Rh Pd

FIG. 1. The cohesive energy FEcon of (a) carbides and
(b) nitrides of the 4d-transition-metal series obtained in the
present study. Filled symbols connected by a solid line re-
fer to theoretical values, and empty symbols connected by a
solid line refer to values derived from thermodynamic infor-
mation. Empty symbols connected by a dashed line refer to
values derived in Sec. V B by combining thermodynamic and
theoretical results. Crosses connected by a thin line represent
theoretical F o, values obtained when the atomic energy has
been corrected using experimental, spectroscopic data.
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FIG. 2. Electronic density of states of MoC.

is generally?* used to explain the maximum in the E.q,
curve for compounds having the Fermi level close to this
depletion in the DOS.

An analysis of the discrepancy between theoretical and

NbN

T T T

Total DOS '
80.0 |
40.0 -

0.0
Nb d

80.0 1
40.0 |

0.0 e
200F Nbp

0.0 A

200} Nbs

DOS (states / Ry unit cell)

0.0
oot NP

0.0 A E
4a00f Ns i .
i

1 1

0.0 1 1 1 1 1 1
-04-02 00 02 04 06 08 10 1.2 14

Energy (Ry)

FIG. 3. Electronic density of states of NbN.
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thermodynamic E.., values and a discussion of errors in
the theoretical approach follows in Sec. VA. Here we
shall comment on the fact that the theoretical curve
places the maximum in E_ on ZrC and ZrN in the
carbide and nitride series, respectively, while experimen-
tal data show that NbC has the highest cohesive en-
ergy in the carbide series and that ZrN and NbN have
almost equal E,, values. We believe that this differ-
ence is mainly due to an error in the calculated total
energy of the Zr atom. This possibility is strongly sup-
ported by the thin lines in Fig. 1, which show cohesive
energies obtained when the atomic energies have been
corrected?®2® using experimental, spectroscopic data3?
in those cases where the LSD approximation predicts the
wrong ground-state electronic configuration. For the Zr
atom, the LSD approximation predicts the configuration
(4d1)35s 1,3 which can be described as a weighted aver-
age over the two lowest-lying quintets 5F and ®P in the
atomic spectrum of Zr. This average is 65.2 mRy above
the experimental ground-state energy and the LSD re-
sult should be corrected by this amount. Further, we
note that also for Tc¢, Ru, and Rh, for which the atomic
energies are lowered by 29.9, 32.6, and 36.5 mRy, respec-
tively, the correction leads to a significant reduction of
the discrepancy between theoretical and thermodynamic
FEcon values.

The electronic structure of YN differs from that of the
other compounds in the series (Fig. 4). A band gap with
the width 0.12 Ry (1.7 eV) opens up between bonding
and antibonding p-d states. This is in analogy with re-
sults from our previous calculations on the corresponding
carbides and nitrides of the 3d transition metals3:3! where

YN
TotalDOS ' | ' ' 7 T
80.0 | g 1
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0.0 i
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B 800 f ; ]
S 400} ]
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0.0 L‘/‘g%
400 Ns : -
0'0 1 1 1 1 H 1 1 1 . — 1 1
-0.4 -0.2 0.0 0.2 04 0.6 0.8 1.0 12 14
Energy (Ry)
FIG. 4. Electronic density of states of YN.
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ScN alone was predicted to have a band gap at the Fermi
level.

V. DISCUSSION

A. Sources of errors in the ab initio calculations

In the previous section we found that the theoretical
cohesive energies are larger than the experimental values.
These differences, which vary between 41 and 99 mRy in
the carbide series, are much larger than the uncertainties
in the thermodynamic values obtained in Sec. III (7-11
mRy), and one must conclude that they are mainly due
to errors in the theoretical approach. We now study the
possible sources of these errors by examining the ma-
jor approximations that are used. In particular, we pay
attention to whether the approximations contribute to
a constant, systematic shift between theoretical and ex-
perimental cohesive energies, or if they contain a non-
systematic part that varies significantly through the se-
ries of compounds.

The fact that we calculate total bulk energies at the
experimental (or estimated) ag instead of first minimizing
the energy with respect to the lattice parameter does not
affect our results by more than 2 mRy.

A major part of the discrepancy between experimen-
tal and theoretical cohesive energies for transition met-
als and their compounds is generally ascribed to the LSD
approximation,3? which is used in the calculation of both
the bulk and the atomic total energies. For the metal-
lic systems considered in this work, where the electronic
charge density remains high in the interstitial region of
the crystal, there is no obvious reason for the failure of
the LSD approximation in the bulk case. However, in
the atomic case, the LSD functional is used not only in
the vicinity of the nucleus, but also in the distant region
where the charge density falls off towards zero. In this
region, two important errors are made: Firstly, the ex-
change and correlation part of the density functional is
retained, although a decaying charge density should leave
a correlation hole of charge +1 behind, and therefore a
different potential. Secondly, certain atoms with only
one spin direction in the valence configuration® will have
a relative spin density close to one in the region far from
the nucleus since the contribution to the charge density
from core electrons is negligible. This regime of extreme
polarization is poorly tested in the LSD approximation.
Whereas the error from the first of these effects can be
expected to vary smoothly in the transition-metal series,
since no drastic changes in the total charge density oc-
curs, the second effect will influence mostly those atoms
with large differences in spin-up and spin-down occupa-
tion in the atomic valence configuration [e.g., Cr and Mo
(Ref. 3)]. This will therefore affect the nonsystematic
part of the error in the total atomic energy, E\y.

The second major approximation made in our theo-
retical calculations is the muffin-tin-potential approxima-
tion, which implies that a spherically symmetric potential
is iterated to self-consistency. In the bulk case, this ap-
proximation is best adopted for close-packed structures,
e.g., the NaCl structure. The situation in the atomic
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case is quite different. Since the experimental atomic
valence-electron configuration of some atoms reduces to
a spherical charge distribution, e.g., for the Mn atom, the
treatment of a spherically symmetric potential is exact
for these systems. However, in other cases, the use of a
muffin-tin potential implies that the atomic total energy
is calculated for a charge distribution corresponding to
an average over several multiplets.2® This will yield a to-
tal electronic energy that is higher than the ground state
and thus contributes to an overestimation of the cohesive
energy. This effect can be successfully compensated for
by using experimental information on the atomic energy
spectrum, cf. Sec. IV.

In conclusion, it is not unexpected that the cohesive
energies of the 4d-transition-metal carbides and nitrides
are overestimated in our theoretical calculations since the
approach is better suited for determining the ground-
state properties of the compounds (MX) than of their
constituent atoms (M,X). Furthermore, in line with the
results in Fig. 1, we expect that most of the nonsystem-
atic part of the error in E'}, (MX) should be contained

coh
in the total energy of the transition-metal atom (Ejy).

B. Theory-based predictions of E.,;, and ACH*t

The main purpose of the present work is to investi-
gate to what extent ab initio calculations are capable of
generating, directly or indirectly, information of practical
interest in thermodynamic calculations at high temper-
atures. Current calculations on MX (X=C,N) and more
complex systems often require information on A°H®*(Ty)
for stable and metastable MC and MN NaCl-structure
compounds (cf. Sec. VI). Here we study how the theo-
retical results of Sec. IV can be used to generate reliable
enthalpy values for 4d-transition-metal nitrides.

T T T T T T T T

300+ Nitrides 4

200}

100}

—A%HS(Ty) (kJ/mol of atoms)

-100+ .

1 1 1 1 1 1 1 1

Y Zr Nb Mo Tc¢ Ru Rh Pd

FIG. 5. The enthalpy of formation A°H®** of NaCl-
structure nitrides of the 4d-transition-metal series according
to our assessment of thermodynamic information on ZrN,
NbN, and MoN (filled symbols) and to two predictive ap-
proaches that make use of the theoretical results (empty sym-
bols). Empty triangles connected by a dashed line labeled (a)
represent ACH**(Tp) values obtained by applying Eq. (7), and
empty diamonds connected by the solid line labeled (b) show
values predicted from Eq. (8).
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The simplest approach to estimate enthalpies would be
to combine the theoretical E.o, values for MN with ex-
perimental information about M and N, and derive A°Hst
using the standard relation given in Sec. III A, i.e., as-
suming

con(MN) = EX,(MN). (7)

ACH®Y(Ty) so derived for all MN nitrides are plotted in
Fig. 5 with a dashed line labeled (a). In the same figure
we show (filled symbols) A°H®*(Ty) for ZrN, NbN, and
MoN obtained from experimental information in Sec. III.
The A°H®(Tp) given by Eq. (7) are considerably more
negative than the directly measured values for ZrN and
NbN and the extrapolated value for MoN. We conclude
that using Eq. (7) leads to poor predictions of A°H*(Ty).
Guided by the preceding analysis of the sources of er-
ror in EX®, we consider instead the quantity AEco, =
Ecoh(MC) — Econ(MN). It follows from Sec. V A that
most of the systematic part of the error in the theoretical
results is expected to cancel in AE..,. Further, AE .
is independent of the total energy of the transition-metal
atom Ejs, which should reduce the nonsystematic part
of the error significantly. Therefore we expect the the-
oretical values for AFE.o, (AEggh) to give not only the
right trend, but to account accurately for the thermo-
dynamic (AE¢,) results. This expectation is tested in
Fig. 6 where thermodynamic AE?,, values are available
for Zr, Nb, and Mo. The discrepancy between theoreti-
cal and thermodynamic valuesis 1, 9, and 11 mRy/atom,
respectively, which is of the order of magnitude of the un-
certainty in some of the EZ , values in Tables I and II.
In Fig. 7 we extend the comparison to the correspond-
ing compounds of the 3d transition metals, using the re-
sults of our recent? study. The difference between A Eh
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and AE¢, is large for Cr compounds, and the reader
is referred to our discussion® of the larger discrepancy

between theory and experiments found for CrN. For the

T 1 T T T T T
150} -
4d series
= 1001
= AEZEh ﬂ
~
> i
& 50 Vil -
5 a2 AES()])
& OF 4
<
50+ i
Y 7Zr Nb Mo Tc Ru Rh Pd
FIG. 6. The cohesive energy difference AFEcn =

Econ(MC) — Econ(MN) for NaCl-type structure compounds
plotted as a function of the position of the metal M in the
Periodic Table. The solid line labeled AE!", refers to the
difference between theoretical cohesive energies, and the solid
symbols connected by the dashed line labeled AES,, to dif-
ferences based on thermodynamic information.
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FIG. 7. The cohesive energy differences AE'!", and

AE¢,,, asin Fig. 6, for the NaCl-type structure carbides and
nitrides of the 3d-transition-metal series according to the the-
oretical and thermodynamic values reported by Haglund et
al. (Ref. 3).

remaining elements to the right of Sc, the average dis-
crepancy between theoretical and thermodynamic A Feop
values is 5 (£ 7) mRy/atom, which is in line with the re-
sults in Fig. 6.

In view of the good agreement between AE, and
AE¢,, observed for the compounds for which experimen-
tal information is available, we apply the approximation

AEgoh = AEg;h (8)

to calculate APH®*(T5) for all MN nitrides of the 4d se-
ries relying on the E¢ ; values obtained in Sec. III. Our
predictions for YN, TcN, RuN, RhN, and PdN are based
on the AEco values (in mRy/atom) 43, 103, 123, 107,
and 98, respectively. The resulting A°H**(Tp) values are
plotted in Fig. 5 using empty symbols connected by a
solid line [labeled (b)]. The predicted values for ZrN,
NbN, and MoN now differ from experiments by only 2,
11, and 15 kJ/mol of atoms, which compares well with
the estimated uncertainties given in Tables I and II. For
YN, previous compilations of thermodynamic data33:34
give A°H®*(Tp) = —150 kJ/mol of atoms, which origi-
nates in an early estimate3® based on interpolating be-
tween measurements for nitrides of other metals. The
predictive method introduced here leads to a more neg-
ative A°H**(T,). Lacking enthalpy information for the
remaining nitrides of the series, we shall compare our
predictions with independent estimates based on the in-
terpolation scheme of Miedema and co-workers.®

C. Comparison with the approach to A°H
of Miedema and co-workers

Miedema and co-workers® have developed a semi-
empirical method to predict enthalpies of formation,
APHMie  of compounds. The method has been highly
successful, but the theoretical reason for this is not well
understood.36 In the method of Miedema and co-workers,
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ACHMie j5 calculated from an expression where each el-
ement is described by two parameters, representing an
electronegativity and an electron density. These param-
eters are determined empirically through a “best fit” to
known A°H values, and partly through a consideration
of phase-diagram information. Therefore the parameters
for the 4d transition metals M, for C and for N, are partly
based on the same experimental data as we use. However,
the parameter values for C and N are also influenced by
other carbides and nitrides, and similarly the parameters
for the 4d metals M are influenced by compounds with S,
P, etc. Further the method of Miedema and co-workers
does not distinguish between different crystal structures
of the same composition, and the entropy part in the
Gibbs energy is not explicitly accounted for, as we do
when treating high-temperature data.

In Fig. 8 we compare the present ACH®(T,) with
ACHMie - which are plotted as stars. Among our re-
sults one can distinguish A®HS*(Tp) values with three
different origins. First we have the values correspond-
ing to the stable carbides and nitrides of Zr and Nb,
which are obtained by combining direct measurements.
A second group includes the enthalpies for stable (YC)
and metastable (MoC, MoN, TcC, RuC, RhC, and PdC)
compounds that we derived by purely thermodynamic
methods. The third group consists of A°H®*(Tp) values
for YN, TcN, RuN, RhN, and PdN that were estimated
in the preceding section. The fact that ACHMi€ agrees
with the results from the first group is not unexpected,

T T T T T T T T
100L Carbides
(@)
5oL x A0 Mie
3
=
S -50t -
S
= 1 L I I i 1 1 !
= 250 -
= -
= 00l Nitrides |
= (b)
S 150 nope ]
w H 1e
= 100k ]
<4
| 50+ q
(s 4
-50+ 4
'100— 1 1 1 1 1 1 1 1 =
Y Zr Nb Mo Tc Ru Rh Pd
FIG. 8. The room-temperature enthalpy of formation,

A°H**(Ty) of (a) carbides and (b) nitrides of the 4d tran-
sition metals. Empty symbols connected by a solid line rep-
resent the values assessed from thermodynamic information
in Sec. III or predicted in Sec. V B. Symbols denoted A°HMie
refer to enthalpy-of-formation values given by the formula of
Miedema and co-workers (Ref. 5).
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and means that our database of assessed information is
consistent with that used by Miedema and co-workers.
This makes a comparison between A°HMie and the two
other groups of A®H values presented here meaningful
and most interesting. A significant discrepancy is found
for YC, which may at least partly be due to a differ-
ent account of the entropy part in the Gibbs energy of
this compound. However, there is a very good agreement
between A®HMie and our thermodynamic extrapolations
for the metastable compounds of the second group. Fi-
nally, we note that the parameters of Miedema and co-
workers make use of no thermodynamic information on
metastable compounds, whereas our predictions for the
third group of nitrides are based on values for metastable
carbides and the theoretical AE.,, quantity. In spite of
that, for the metastable nitrides TcN, RuN, RhN, and
PdN, A°HMie comes strikingly close to our results. This
is another evidence of how well the method of Miedema
and co-workers works. On the other hand, the basis of
the method is empirical, which makes it difficult to as-
sess its range of validity. The present work demonstrates
that reliable predictions of A°H®*(T}) can be obtained by
combining two powerful approaches, the chemical ther-
modynamics of alloy systems and ab initio calculations
of the electron band structure.

VI. COMMENTS ON APPLICATIONS
IN MODELING OF PHASE DIAGRAMS

The phase diagram of an alloy system is sensitive to
small differences in the Gibbs energy of the competing
phases. For instance, the possibility of detecting a NaCl-
type structure phase in the Cr-C system in a certain tem-
perature range above T (=298.15 K) depends on differ-
ences in G varying between 1 and 3 kJ/mol of atoms
(0.8-2.3 mRy/atom).3” This energy range is significantly
lower than the probable uncertainty of the ACHS'(Ty)
values predicted in the present work. However, we shall
now show that our predictions still may have a role in
the modeling of phase diagrams.

In Sec. IIT we referred to the two-sublattice thermody-
namic model?® for interstitial phases, and we explained
how the application of such a model to, e.g., the solu-
tion of C (N) in the fcc structure of a metal M involves
the evaluation of A°H®*(Ty) for a metastable MC (MN)
compound, and of a regular-solution type of interaction
parameter L. When this model was used to evaluate
A°H*(Ty) of metastable MC (M=Tc, Ru, Rh, Pd) com-
pounds we treated L either as a free parameter deter-
mined in a fit to phase-diagram data (viz., for Tc-C and
Pd-C), or we relied on the ideal-solution approximation,
L = 0 (viz., for Ru-C and Rh-C). The largest error in
the resulting A’H¢(T;) due to the uncertainty in L was
estimated as 9 kJ/mol of atoms by comparing with cases
in Refs. 21 and 38 where more information is available.
However, by applying the extrapolation procedure dis-
cussed in Sec. V B one may derive A’H®(T;) values with
a comparable accuracy (Tables I and IT) without recourse
to phase-diagram fitting. This is expected to facilitate
the current modeling work since it would lead to better
defined L parameters in cases where the phase diagram
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information on the solution of C (N) in fcc M is scarce.
This should, in turn, make possible a meaningful study
of the deviations from the ideal thermodynamic behavior
in the interstitial phases based on transition metals.

VII. CONCLUSIONS

We have performed ab initio calculations of the co-
hesive energies of MC and MN carbides and nitrides in
the NaCl structure for 4d transition metals (M=Y, Zr,
Nb, Mo, Tc, Ru, Rh, and Pd). For all of the carbides
and for the nitrides ZrN, NbN, and MoN we have ana-
lyzed available thermodynamic information and obtained
accurate values for their cohesive energies. This has al-
lowed a detailed comparison between ab initio and ex-
perimental results. The trends in theoretical results are
in excellent agreement with the thermodynamic values,
but there is a positive difference between E}, and E¢ ,
which varies between about 40 and 100 mRy/atom. We
discuss the various contributions to the discrepancy, and

argue why a major part of the errors in the theoreti-
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cal calculation should cancel in the difference AE., =
Ecoh(MC) — Econ(MN). In fact, the agreement between
theory and experiment for A E.), is better than about 12
mRy for M=Zr, Nb, and Mo. This facilitates the estima-
tion of cohesive energies for YN and the metastable TcN,
RuN, RhN, and PdN, where we use thermodynamic val-
ues for the corresponding carbides in combination with
the theoretical AE™, . We discuss how such a coupling
between ab initio work and thermodynamic information
can be used to provide new information, which is useful
in the modeling of alloy phase diagrams. Enthalpies of
formation calculated from the approach of Miedema and
co-workers are in good agreement with the values derived
by us.
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